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Mitochondrial Electron Transport
Is a Key Determinant of Life
Span in Caenorhabditis elegans
and Hekimi, 1998). Caloric restriction prolongs life span
in virtually all animals in which it has been studied, but
it remains unclear by which mechanisms (Sohal and
Weindruch, 1996).
clk genes (clk-1, -2, -3, and gro-1) form a class be-
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H3A 1B1 Montre´al, Que´bec cause mutations in these genes result in the same overall
phenotype: in addition to aging, they affect the rates ofCanada
many physiological processes, embryonic and postem-
bryonic development, behavioral rhythms, and repro-
duction (Lakowski and Hekimi, 1996; Wong et al., 1995).Summary
Furthermore, all clk mutants can be maternally rescued;
that is, the phenotype of a homozygous clk mutant isIncreased protection from reactive oxygen species
(ROS) is believed to increase life span. However, it has wild-type when it originates from a heterozygous mother
(Hekimi et al., 1995). In spite of the similarities in thenot been clearly demonstrated that endogenous ROS
production actually limits normal life span. We have phenotypes of clk mutants, the underlying cellular pro-
cesses that are affected appear to be different for eachidentified a mutation in the Caenorhabditis elegans
iron sulfur protein (isp-1) of mitochondrial complex III, mutant. Indeed, when clk mutations are combined to
create double-mutant animals, the effects of the muta-which results in low oxygen consumption, decreased
sensitivity to ROS, and increased life span. Further- tions are additive or synergistic for all phenotypes, in-
cluding aging (Lakowski and Hekimi, 1996). Three clkmore, combining isp-1(qm150) with a mutation (daf-2)
that increases resistance to ROS does not result in genes have been cloned: clk-1 encodes a mitochondrial
hydroxylase (Ewbank et al., 1997; Stenmark et al., 2001)any significant further increase in adult life span. These
findings indicate that both isp-1 and daf-2 mutations that is necessary for ubiquinone biosynthesis (Jonassen
et al., 2001; Levavasseur et al., 2001; Marbois andincrease life span by lowering oxidative stress and
result in the maximum life span increase that can be Clarke, 1996; Miyadera et al., 2001); clk-2 encodes a
protein that affects telomere length in worms (Be´nardproduced in this way.
et al., 2001) as well as in yeast (Runge and Zakian, 1996);
and gro-1 encodes a highly conserved cellular enzymeIntroduction
that modifies a subset of tRNAS (Lemieux et al., 2001;
Stanford et al., 2000). In spite of these findings, it isIn recent years the use of model systems to study the
genetics of aging has become a prominent approach to unclear at present for any clk gene by what exact molec-
ular mechanism it prolongs life span.understand the molecular mechanisms of aging. One
choice organism for such studies has been the nema- Mutations in genes that affect the dauer formation
pathway form a class for two reasons. First, they all acttode C. elegans (Guarente and Kenyon, 2000; Hekimi,
2000; Hekimi et al., 1998). The worm is practical because on the same biological process, the formation of an
alternative, dormant, and stress-resistant larval stageit is small, easily cultured, and short lived. This has led
to the isolation of mutations that dramatically lengthen (the dauer stage) (Riddle and Albert, 1997; Riddle, 1988).
Second, in their action on life span, they all convergelife span. The great power of such mutants for the study
of aging comes from the conclusion that the normal on the same intracellular signaling cascade, which in-
volves an insulin receptor-like transmembrane tyrosineactivity of a gene must limit the life span of the wild-type
when a loss-of-function mutation of the gene results in kinase (DAF-2) (Kimura et al., 1997) and ends with a
forkhead-like transcription factor (DAF-16) (Lin et al.,an increased life span of the mutant (Hekimi et al., 2001).
Genes and mutations that affect the life span of the 1997, 2001; Ogg et al., 1997). The cascade can be said
to end with DAF-16 because no mutation known to affectworm can be grouped into at least three classes (Lakow-
ski and Hekimi, 1998): genes that affect the dauer forma- life span and to act genetically downstream of daf-16
tion pathway (daf genes and others), genes that affect has yet been identified and because the activity of DAF-
physiological rates (clk genes), and genes that are re- 16 is necessary for the life span-prolonging effects of
quired for normal food intake (eat genes). Some other mutations in all other genes in the dauer formation path-
loci, of course, do not fall neatly into these classes or way (Guarente and Kenyon, 2000; Tissenbaum and Gua-
have not yet been studied in relation to other genes. rente, 2001). However, it remains unclear whether the
eat genes form a class because they all affect the action of daf-2 on daf-16 is the only route by which
function of the pharynx, the worm’s feeding organ. As mutations in daf-2 increase life span (Lin et al., 2001).
mutations in these genes impair food intake (Avery, Much work suggests that the long life of some of the
1993) and result in the expected developmental and mutants that affect the dauer formation pathway is due
physiological changes, it has been concluded that they to increased stress resistance (Lithgow, 2000). In partic-
prolong life span by causing caloric restriction (Lakowski ular, daf-2 mutants are resistant to ROS-generating
agents (Honda and Honda, 1999) and have elevated
expression of sod-3 (Honda and Honda, 1999), a mito-1 Correspondence: siegfried.hekimi@mcgill.ca
2 These authors contributed equally to this paper. chondrial manganese superoxide dismutase, and their
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Table 1. Phenotype of isp-1 and isp-1;ctb-1 Mutants at 20C
Wild-Type (N2)
Mean  SD
Phenotype (sample size) isp-1(qm150) isp-1(qm150);ctb-1(qm189)
Embryonic lethality 0.7% 1.9% 1%
(n  300) (n  310) (n  300)
Postembryonic lethality 1% 2.5% 0.5%
(n  300) (n  310) (n  300)
Embryonic development (hours) 15.3  1.3 25.7  2.4 15.1  1.1
(n  103) (n  124) (n  45)
Postembryonic development (hours) 44.9  1.6 100.5  14.8 68.4  2.6
(n  120) (n  160) (n  264)
Defecation cycle (seconds) 57.3  1.8 121.3  2.1 89.5  12.1
(n  25) (n  25) (n  25)
Egg production rate (eggs/hour) 6.4  0.5 1.3  0.4 2.8  0.2
(n  100) (n  100) (n  100)
Self-brood size 319.7  21.8 82.5  6.4 175.7  10.3
(n  20) (n  20) (n  20)
Life span (days) 20.3  4.3 33.0  9.7 32.8  9.4
max: 31 max: 60 max: 52
(n  380) (n  283) (n  100)
Oxygen consumption 32.1  8.9 13.8  3.7 18.6  7.3
(nmoles O2/min/mg protein  SEM) (n  5) (n  4) (n  5)
[Cyanide-resistant oxygen consumption (%)] [1.8] [4.8] [4.1]
increased life span is abolished by a mutation that de- in the iron sulfur protein of mitochondrial complex III de-
creases mitochondrial respiration, results in increasedcreases the activity of a cytosolic catalase (Taub et al.,
1999). These observations are highly suggestive, given resistance to ROS, and increases life span. We show
that combining this mutation with a daf-2 mutation thatthe large body of data that suggests an involvement
of oxidative stress in aging and aging-related diseases confers protection from ROS does not result in any fur-
ther increase in life span. We conclude that the life span(Beckman and Ames, 1998; Wallace, 2001). However,
there are many other differences between daf-2 mutants increase observed in the slowly respiring mutant isp-1
(qm150) is indeed due to low endogenous ROS. Theseand wild-type animals besides resistance to oxidative
stress (Gems et al., 1998). Thus, at present, the evidence findings also indicate that the maximum life span in-
crease that can be obtained by decreasing oxidativeis extensive but only correlative that the long life of
daf-2 mutants is in fact due to their greater resistance stress is reached in these mutants.
to oxidative stress.
In Drosophila, it has been possible to increase life Results and Discussion
span by transgenic expression of enzymes such as SOD
and catalase, which protect from oxygen radicals A Genetic Screen for Clk-like Mutants
(Parkes et al., 1998; Sun and Tower, 1999). However, it The major endogenous source of ROS is mitochondrial
is difficult to formally demonstrate by these transgenic electron transport (Raha and Robinson, 2000). We rea-
methods that oxidative stress normally limits the life soned that a mutation that would reduce electron trans-
span of the organism. Indeed, transgene expression port would produce a hypometabolic phenotype not
might alter the animal’s physiology in unpredictable very different from that of severe clk mutants, that is,
ways that could affect life span only indirectly (Sohal et slowed physiological rates, in particular, slowed devel-
al., 2000). opment, behaviors, and reproduction. However, it is un-
In mice, it has been found that the heterozygous state
likely that mutations in components of the electron
of sod2(/) knockout mice is sufficient to accelerate
transport chain itself could be rescued by a maternal
the aging process in these animals (Kokoszka et al.,
effect (Tsang et al., 2001) as are the clk mutants. In order
2001). Also, mutations that abolish the activity of the
to identify electron transport chain mutations, we carried
SHC proto-oncogene locus (Migliaccio et al., 1999) in-
out a genetic screen for mutants that grew slowly and
crease the resistance to ROS of both cultured cells and
had an increased defecation cycle length. The screenthe whole animal, and also increase life span (Migliaccio
was carried out on animals of the F2 generation afteret al., 1999). How this increased resistance is produced
mutagenesis (see Experimental Procedures). A numberis unclear. One possibility is that the mutant cells have
of mutants were identified in this screen, which will bebecome more resistant to programmed cell death in
described elsewhere. The detailed analysis of one ofresponse to oxidative stress. However, the increased
the mutants (qm150) is presented here.life span of p66shc mutants animals has to date been
seen only in the pure inbred 129 strain, which is short
qm150: A Healthy Mutant with Very Slowlived. It is possible, therefore, that the p66shc mutations
Physiological Ratesonly relieves a pathological feature of this strain (Lithgow
Table 1 shows a quantitative analysis of the main devel-and Andersen, 2000).
opmental, behavioral, and reproductive features of theHere, we present genetic, molecular, and physiologi-
cal evidence in Caenorhabditis elegans that a mutation mutant. All timed physiological rates are much slower
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Figure 1. Embryonic Development and Life
Span of isp-1(qm150) and isp-1(qm150);ctb-
1(qm189)
(A) The duration of embryogenesis (from the
two-cell egg to hatching) for the wild-type
(n  103), isp-1 (n  124), and isp-1;ctb-1
(n 45) is shown. The ctb-1(qm189) mutation
fully suppresses the longer embryonic devel-
opment of isp-1 mutants. See the main text
for description of other aspects of the sup-
pressor phenotype.
(B) The life span of the wild-type, the isp-1
mutants and isp-1;ctb-1 double mutants. The
suppressor mutation does not shorten the
long life span produced by the isp-1 mutation.
(1.5- to 5-fold) in the mutant than in the wild-type, with progeny was analyzed, and it was found that all slowly
developing animals (qm150 homozygotes) were stillthe egg-laying rate being the most severely affected
suppressed and thus appeared to be still carryingfeature. In addition, the rate of aging appears to be
qm189. In the reciprocal cross, however, when the dou-slowed down as the mean and maximum life span of
ble qm150;qm189 mutant males were mated to wild-the mutants are dramatically increased. Remarkably, in
type hermaphrodites and the F2 progeny was analyzed,spite of these severe phenotypes, these animals appear
it appeared that none of the slowly developing animalsvery healthy, for example, embryonic and postembry-
(qm150 homozygotes) were suppressed; that is, theyonic lethality remain very low (Table 1).
were all developing as slowly as animals of the original
qm150 strain and therefore did not carry the qm189
qm189: A Spontaneous Mitochondrial Suppressor mutation. These results are consistent with the suppres-
of qm150 sor mutation segregating with the cytoplasm of oocytes
During the process of culturing the qm150 strain, we and therefore being encoded by the mitochondrial
identified a rare spontaneous partial suppressor of the genome.
qm150 phenotype. This suppressor completely sup-
presses the slow embryonic development of qm150 mu- qm150 Is a Mutation in the Iron Sulfur Protein
tants (Figure 1; Table 1), partially suppresses the slow of Complex III of the Mitochondrial Electron
postembryonic development as well as the slow behav- Transport Chain
ioral and reproductive features (Table 1), but does not We mapped qm150 to the right of unc-24 on chromo-
suppress the very long life span (Figure 1; Table 2). some IV and molecularly identified the gene by trans-
In the process of analyzing this suppressor genetically formation rescue using genomic clones and PCR ampli-
we discovered that it displayed cytoplasmic inheritance fication products from that region. A genomic region
and, thus, was likely to be encoded by the mitochondrial containing only the predicted gene F42G8.12, which
genome. In brief, animals of the strain carrying both codes for the worm iron sulfur protein (ISP) of mitochon-
the qm150 and the suppressor (qm189) mutations were drial complex III (Figure 2A), was sufficient for full pheno-
crossed to wild-type males and their F1 hermaphrodite typic rescue (see Experimental Procedures). Mitochon-
drial complex III catalyzes electron transfer from ubiquinolprogeny was allowed to self-fertilize. The resulting F2
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to cytochrome c. It is composed of three subunits that
catalyze the redox reactions that are carried out by the
complex (cytochrome b, the iron sulfur protein, and cyto-
chrome c1) and of a number of additional subunits
(Crofts and Berry, 1998; Iwata et al., 1998; Xia et al.,
1997). The three catalytic subunits are highly conserved
in all mitochondria and aerobic bacteria. The ISP carries
a 2Fe-2S prosthetic group that is held in place by two
histidine and two cysteine residues (Figure 2A). isp-
1(qm150) is a point mutation at residue 225 that changes
a proline into a serine. Prolines are known to be impor-
tant structurally, as they make the peptide backbone
locally rigid. Furthermore, proline 225 is in close proxim-
ity to the prosthetic group and is part of the structure that
holds it in place (Gatti et al., 1989). Thus, the mutation
presumably affects the properties of the iron sulfur cen-
ter directly through a local distortion of the structure,
which could also alter its redox potential, as is observed
in a similar yeast mutant (Gatti et al., 1989).
qm189 Is a Mutation in the Mitochondrially
Encoded Cytochrome b of Complex III
Cytochrome b is the only subunit of complex III that is
encoded by the mitochondrial genome. We PCR ampli-
fied and sequenced the cytochrome b locus (ctb-1) from
the mitochondrial DNA of the suppressed strain carrying
qm189 and identified an alanine to valine change at
residue 170 (Figure 2B) (see Experimental Procedures).
The mutation appears to be homoplasmic; that is, all
the mtDNA molecules carry the mutation, as no signal
corresponding to the wild-type sequence was observed
in the product amplified from the ctb-1(qm189) strain.
Furthermore, the mutation cannot be lost from the mito-
chondrial DNA pool, even in the absence of phenotypic
selection by the presence of the isp-1(qm150) mutation.
Indeed, when the isp-1(qm150);ctb-1(qm189) strain is
backcrossed with wild-type males and the suppressor
mitochondria are kept associated with a wild-type nu-
clear genome for a few generations, the mtDNA still
carries A170V, and the mutant cytoplasm is still capable
of suppressing the isp-1(qm150) phenotype when in a
qm150 homozygous background (see Experimental
Procedures). No phenotype was found associated with
the presence of ctb-1(qm189) in a isp-1() background.
The mechanism of electron transfer from ubiquinol at
its binding site on cytochrome b to cytochrome c1 is
believed to involve a molecular movement and a change
of conformation of the head of ISP (that carries the 2Fe-
2S group) from a docking surface on cytochrome b,
where it has received an electron from ubiquinol, to a
position where it interacts with cytochrome c1 (Figure
2C) (Darrouzet et al., 2000; Zhang et al., 1998). Structural
evidence suggests that, on its way back from interacting
with c1, the ISP head also adopts an intermediate posi-
tion before fully docking on cytochrome b (Iwata et al.,
1998). This intermediate position might serve to ensure
that a new molecule of ubiquinol has replaced the ubi-
quinone from the previous round in the ubiquinone cy-
cle, before the ISP docks at the site for electron transfer
from ubiquinol to the 2Fe-2S (Iwata et al., 1998). Alanine
170 is located immediately adjacent to a small loop
(beside helix cd2), which is part of the docking site for
ISP in the intermediate position (Figure 2B) (Iwata et al.,
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Figure 2. isp-1(qm150) and ctb-1(qm189) in
the Structures and Functions of the Cyto-
chrome bc1 Complex (Complex III)
(A) The isp-1(qm150) mutation is a proline to
serine change corresponding to a highly con-
served proline in the head domain of ISP-1,
the worm “Rieske” iron sulfur protein. The
placement of this residue in the crystal struc-
ture of homologs whose crystal structures
have been solved suggests that the mutation
alters the interactions of the peptide with the
iron-sulfur prosthetic group and thus might
alter its redox properties (Gatti et al., 1989).
The figure shows a crystal structure of a solu-
ble fragment of the bovine ISP (Protein Data
Bank ID, 1RIE) (Iwata et al., 1996; Link et al.,
1996) and a partial alignment of ISP se-
quences. The green asterisks above the se-
quences correspond to the residues high-
lighted in green in the structure and are
believed to directly interact with the 2Fe-2S
center. The proline residue (residue 225 in the
worm sequence) that is changed by the isp-
1(qm150) mutation is highlighted in white. For
orientation, the segment linking the proline to
one of the cysteines that interacts with the
2Fe-2S center is highlighted in yellow. The
atoms of the 2Fe-2S center are in yellow.
(B) The ctb-1(qm189) mutation is an alanine
to valine change in cytochrome b (CTB-1) ad-
jacent to a loop besides helix cd2, which is
part of the binding site for ISP in the “interme-
diate position” (Iwata et al., 1998). The figure
shows the structure of the cytochrome b
(blue) and ISP (red) of the bovine bc1 complex
(Protein Data Bank ID, 1BGY) (Iwata et al.,
1998). A partial sequence alignment between
different species is shown below. Iron atoms
from the ISP and from one of the hemes (bL)
in cytochrome b are shown in yellow. The
alanine (residue 170 in the worm sequence)
that is changed by the ctb-1(qm189) mutation
is highlighted in white in the structure. For
orientation, the CD loop, which includes the
cd2 helix, is shown in yellow in the structure.
In the alignment, only the cd2 helix and the
small loop adjacent to the mutation are indi-
cated (see also main text). The head domain
of the ISP can adopt several positions in rela-
tion to cytochrome b (see panel [C]). The posi-
tion shown here is the intermediate position,
and the general direction of movement to-
ward the “b” position, which corresponds to
the closest interaction with cytochrome b, is
shown by an open arrow.
(C) A diagrammatic representation of the in-
teractions between the three catalytic sub-
units of complex III. Cytochrome b (CTB-1) is
shown in blue, the iron sulfur protein (ISP-1)
is shown in red, and cytochrome c1 is shown
in green. The ISP is believed to adopt three
different positions during catalysis (Iwata et
al., 1998): in close contact with cytochrome b (b position) when ubiquinol (QH2) is bound at the quinone binding site and gives an electron
to the iron sulfur center of the ISP, in close contact with cytochrome c1 when an electron is transferred from the ISP to cytochrome c1, and
at an intermediate position, which might be necessary for the correct timing of these interactions.
(D) The chemical reactions that generate reactive oxygen species (ROS) in and out of the mitochondria. During oxidation of ubiquinol (QH2)
bound to cytochrome b, a semiquinone (QH•) is generated that can react with molecular oxygen to form ubiquinone and the oxygen radical
superoxide (•O2). Superoxide can be transformed into peroxide (H2O2) by the action of the enzyme superoxide dismutase (SOD). Peroxide can
be detoxified to water and molecular oxygen by the action of the enzyme catalase but can also yield the highly reactive hydroxide radical
(•OH). As the semiquinone is the origin of the series of reactions that produce ROS, the rate of semiquinone production in these reactions
might strongly determine the rate of subsequent ROS production.
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Figure 3. Low Oxygen Consumption Is Cor-
related with High Resistance to Oxidative
Stress in isp-1 Mutants
(A) Oxygen consumption of the wild-type and
mutant strains measured in L1 larvae (see
also Table 1). The bars are means and the
error bars are standard deviations from four
independent experiments. The isp-1(qm150)
mutation lowers O2 consumption to approxi-
mately half that of the wild-type (see also Ta-
ble 1). The ctb-1(qm189) suppressor mutation
suppresses this phenotype only slightly. Ex-
periments with animals at different stages
yielded comparable results (data not shown).
(B) Resistance of various genotypes to differ-
ent concentration of paraquat (from 0.2 mM
to 0.8 mM). The graph represents the propor-
tion of animals successfully completing de-
velopment from L1 to adulthood on standard
plates containing a given concentration of
paraquat. The bars represent the means of
4–10 repeat experiments and the error bars
represent the standard deviation of the
means. Paraquat generates oxidative stress
internally when taken up by the animals. Re-
sistance to paraquat suggests low endoge-
nous oxidative stress. mev-1 and daf-2 mu-
tants have been shown previously to be
hypersensitive (Ishii et al., 1990) and resistant
(Honda and Honda, 1999) to paraquat, re-
spectively. isp-1;ctb-1 mutants are also highly
resistant to paraquat. Mutations in daf-16
have been found to suppress the high resis-
tance of daf-2 to paraquat (Honda and
Honda, 1999). However, daf-16 does not sup-
press the high resistance of isp-1;ctb-1 mu-
tants.
(C) The level of sod-3 expression in L1 larvae
of various genotypes as measured by quanti-
tative RT-PCR (see Experimental Proce-
dures). daf-2 (Honda and Honda, 1999),
isp-1, and daf-2;isp-1 mutants have high lev-
els of sod-3. daf-16, which is known to sup-
presses this effect in daf-2, also suppresses
the increased level of sod-3 in isp-1 mutants.
Highly similar results were found using young
adults (data not shown).
Oxygen Consumption Is Reduced by placing live animals in a closed chamber and monitor-
ing oxygen concentration with an oxygen electrode (Ta-in isp-1(qm150) Mutants
The simplest hypothesis to account for the phenotypes ble 1) (see Experimental Procedures). The oxygen con-
sumption of the isp-1 mutants is reduced approximatelyof isp-1 and isp-1;ctb-1 is that the isp-1(qm150) muta-
tion somehow slows down the rate of electron transfer 2-fold, and ctb-1(qm189) partially reestablishes a higher
oxygen consumption. We found that oxygen consump-(and thus ATP generation) and that ctb-1(qm189) par-
tially reestablishes a higher rate. Possible mechanisms tion in the wild-type and the mutants is cyanide sensi-
tive, indicating that this consumption is indeed the resultfor this include an altered redox potential for the iron
sulfur center that could slow down the rate of electron of reduction by electrons that have been transported
along the respiratory chain.transfer from ubiquinol (Gatti et al., 1989) or a slower rate
of conformational change of the ISP head that mediates The effect of ctb-1(qm189) on oxygen consumption
is not marked compared to its dramatic effect on thetransfer from cytochrome b to cytochrome c1 (Figure
2C) (Darrouzet et al., 2000). The mutation in ctb-1 could phenotype of isp-1(qm150). For example, ctb-1(qm189)
reestablishes a wild-type rate of embryonic develop-alter both these parameters when ISP-1 is docked on
the CTB-1 protein. ment to isp-1 mutants, which develop two times more
slowly than the wild-type (Table 1; Figure 3A). TheseA prediction from this hypothesis is that the rate of
oxygen consumption of isp-1(qm150) mutants should observations suggest that embryonic development
does not require a very high level of respiration and,be decreased and may be partially reestablished by ctb-
1(qm189). We directly measured oxygen consumption also, that the level of respiration in isp-1 mutants is just
Electron Transport and Life Span in Caenorhabditis
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Figure 4. Life Spans of Wild-Type, isp-1,
daf-2, and daf-16 Single and Double Mutants
at 20C
isp-1 and daf-2 mutants show similar in-
creases in life span over the wild-type. The
effects of the mutations are not additive as
the double mutants lives only slightly longer
than the single mutants. The slightly in-
creased life span of the double mutant can
be entirely accounted for by the increased
developmental time as the double mutants
take 9 days to develop and adult life span
are highly similar (Table 2). The longest living
animals are not represented in the figure for
clarity (Table 2). The significance of these out-
liers is unclear. The absence of additivity sug-
gests that the two mutations increase life
span by the same mechanism. Furthermore,
the life span of isp-1;daf-16 double mutants
is much longer than that of daf-16 mutants, although somewhat shorter than that of isp-1 (see main text for discussion). Thus, in contrast to
daf-2 (Kenyon et al., 1993), the increased life span conferred by the isp-1 does not require daf-16. The graphs shown represent the pooled
data of five distinct experiments for each genotype (Table 2).
below a critical threshold below which some physiologi- strains, such as those carrying unsuppressed isp-
1(qm150), whose development is more than twice ascal functions become severely impaired.
long as that of the wild-type, become exposed to para-
quat for such a long time that they never complete devel-Resistance to Oxidative Stress
One of the main sources of oxidative stress in the organ- opment and therefore cannot be tested in this way. This
does not mean that they are hypersensitive to oxidativeism is the superoxide that is produced when ubisemiqui-
none species are generated at complex III (Figure 2D) stress but that the length of their exposure to the toxic
effects of paraquat overwhelms any defenses. In agree-(Raha et al., 2000; Raha and Robinson, 2000). Interest-
ingly, the redox potential of the ISP affects the rate of ment with this interpretation, we found that isp-1;ctb-1
mutants, whose development is only 40% slower thansemiquinone production (Denke et al., 1998). The semi-
quinones can donate electrons to oxygen and thus pro- that of the wild-type (Table 1), are very resistant to para-
quat compared to the wild-type. As expected (Hondaduce superoxide. Superoxide, which is highly reactive,
can be detoxified into peroxide (H2O2) by the enzyme and Honda, 1999), we also find daf-2 mutants to be
resistant by this test. It is of note that this is not asuperoxide dismutase (SOD). Peroxide, which is still
reactive and can be the source of the highly reactive property of all mutations affecting the respiratory chain
in worms. For example, mutants of mev-1, which en-hydroxyl radical, can be further detoxified by various
enzymes, including catalase. codes a subunit of complex II (Ishii et al., 1998), are
hypersensitive to paraquat by this test (Figure 3B) (IshiiThe low rate of electron transport of isp-1(qm150)
mutants suggests that their long life span could be due et al., 1990), as are mutants of gas-1, which encodes a
subunit of complex I (Hartman et al., 2001; Kayser etto low production of reactive oxygen species (ROS) and,
consequently, a low rate of molecular damage accumu- al., 2001).
Resistance to oxidative stress in the daf-2 system islation. To test this hypothesis, we examined the mutants’
resistance to oxidative stress produced by an exterior correlated with high levels of expression of sod-3 (Honda
and Honda, 1999). To test whether the resistance ofsource (paraquat). When paraquat is taken up by cells,
superoxide is produced under the influence of the intra- isp-1 mutants to oxidative stress could be due to a
similar mechanism, we tested the level of sod-3 expres-cellular redox conditions. The precise action of paraquat
can be affected by mitochondrial function and some sion by quantitative RT-PCR. We found high levels of
sod-3 in isp-1 mutants, similar to those found in daf-2caution is therefore appropriate in interpreting its ef-
fects. However, resistance or hypersensitivity to para- (Figure 3C), suggesting that the worms react to the im-
paired function of the respiratory chain produced byquat has been widely used to test for how cells and
organisms are able to cope with oxidative stress (Honda isp-1 (qm150) by increasing protection from ROS. It
could appear surprising that the organism reacts to aand Honda, 1999; Ishii et al., 1990). We reasoned that
if endogenously produced levels of ROS are low in the decrease in electron transport by increasing resistance
to its byproducts. However, in contrast to what happensmutants, they should be able to cope better with the
extra oxidative stress produced by paraquat and should in isp-1 (qm150) mutants, impaired electron transport
often increases oxidative stress, including in wormsbe relatively resistant to this compound.
We tested for paraquat resistance by scoring the pro- (Hartman et al., 2001; Senoo-Matsuda et al., 2001). Thus,
an increase in sod-3 expression might be an automaticportion of animals that succeeded in completing devel-
opment when placed on plates containing various con- response to low electron transport, even though the
specific lesion in isp-1(qm150) does not increase ROScentrations of paraquat (Figure 3B) (see Experimental
Procedures). Exposure to paraquat lengthens substan- production.
The increase in sod-3 expression in daf-2 mutants astially the duration of development of all animals, includ-
ing the wild-type. Therefore, very slowly developing mutant well as all forms of stress resistance in these mutants,
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or even entirely due to low endogenous ROS production.
On the other hand, isp-1;ctb-1 mutants might have both
low endogenous ROS production and increased protec-
tion from oxidative stress, which makes it slightly more
resistant than the triple (daf-16;isp-1;ctb-1). These find-
ings also indicate that daf-16 is part of the mechanism
that increases protection from ROS in response to im-
paired mitochondrial respiration.
Long Life Span of daf-16;isp-1
A wild-type daf-16 allele is not only necessary for the
stress-resistant phenotypes of daf-2 mutations and
other mutations in the dauer pathway but also for their
long life (Guarente and Kenyon, 2000; Kenyon et al.,
1993). We find, however, that daf-16 is not necessary
to account for most of the longevity of isp-1(qm150)
(Figure 4; Table 2). This observation shows that isp-1
does not exercise its life-prolonging effects by indirectly
regulating daf-2. Also, the high level of sod-3 expression
in isp-1, which is suppressed by daf-16, is not necessary
for the long life of isp-1(qm150). Although the life span
of the double mutant is shorter than the life span of isp-
1(qm150), it is still dramatically longer than the life span
of daf-16 (Figure 4; Table 2). The moderate shortening
of life span by daf-16 could be due to the life span-
shortening effects of daf-16 mutations per se (Figure 4;
Table 2) (Lin et al., 2001), or it could be that the high
level of sod-3, and maybe other activities controlled by
Figure 5. A Model of the Mechanisms that Determine Life Span in daf-16, are minor contributors to the longevity of isp-
the Wild-Type and isp-1 and daf-2 Mutants
1(qm150).
Superoxide, which can generate molecular damage, is generated
at complex III of the mitochondrial respiratory chain (see Figure 2D).
The Effects of isp-1 and daf-2 on Life Span AreIn daf-2 mutants, resistance to oxidative stress is increased, in
particular, through the increased expression of enzymatic activities Not Additive
that detoxify ROS. Thus, the mutants sustain lower levels of oxida- The molecular nature of ISP-1 and CTB-1, the low respi-
tive damage and have an increased life span. In isp-1 mutants, ration of the mutants, and their daf-16-independent re-
electron transport is decreased, resulting in decreased production sistance to oxidative stress strongly suggest that isp-1
of ROS and possibly greater detoxification, as suggested by the
mutants produce low levels of ROS. However, this doesincreased expression of sod-3 (Figure 3). This results in the same
not formally demonstrate by itself that the long life ofincreased life span as daf-2 mutants. The life span of daf-2;isp-1
mutants, which have both the low production of ROS and increased these mutants is the direct consequence of their low
detoxification, is not longer than the life spans of the single mutants, levels of oxidative stress. For example, the long life span
suggesting that the level of oxidative damage produced in the single could be due to any damaging process whose rate is
mutants is already low enough to not be limiting for life span. daf- reduced as a consequence of slow respiration. In this
16 is known to be necessary for the resistance to oxidative stress
view, the resistance phenotype would be merely anotherand the increased life span of daf-2 mutants. We have also found
aspect of the phenotype that is not crucial for life spanthat it is necessary for the increased expression of sod-3 in isp-1
mutants (Figure 3). Thus, in daf-16;isp-1 mutants, it is likely that in the absence of an environmental increase in oxidative
there are lower levels of enzymatic detoxification of ROS than in stress. To test this, we constructed daf-2;isp-1 double
isp-1 mutants. However, daf-16 is not necessary for the paraquat mutants and studied their life span. We find that the
resistance (Figure 3) or the long life span (Figure 4) of isp-1, again effects of daf-2 and isp-1 on life span are almost identi-
indicating that isp-1 mutants produce low levels of ROS.
cal in magnitude but are not additive as the double
mutants live only marginally longer than either of the
single mutants (Figure 4; Table 2). Although there is aincluding oxidative stress, are fully suppressed by muta-
tions in daf-16 (Barsyte et al., 2001; Honda and Honda, slight increase in the life span of the double mutants, it
is only a fraction of what their life span would be if the1999; Murakami and Johnson, 1996). To test whether
the same is true for isp-1 mutants, we constructed daf- two mutations were increasing life span independently
(Lakowski and Hekimi, 1996). Furthermore, the slight16;isp-1 double and daf-16;isp-1;ctb-1 triple mutant
strains. We tested them for sod-3 levels and resistance increase in the mean life span of the double mutant can
be entirely attributed to their very slow developmentto paraquat. We find that daf-16 prevents the increased
expression of sod-3 in these strains (Figure 3 and data (the double mutants take 9 days to develop, which is 4
days more than isp-1), and the adult life span of thenot shown) but that the triple mutants, whose rapid de-
velopmental rate allows them to be tested on paraquat, double is indistinguishable from that of daf-2 (Table 2).
The maximum life span is clearly increased (Table 2),are as resistant to paraquat as isp-1;ctb-1 or daf-2 mu-
tants. These findings strongly suggest that the increased but this concerns only a very small number of animals
(Figure 4), and the significance of this observation isresistance of daf-16;isp-1;ctb-1 to paraquat is mostly
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Experimental Proceduresunclear. The absence of additivity of isp-1 and daf-2
mutations indicates that they increase life span by a
Strainssimilar mechanism. Thus, these results imply that isp-1 Animals were maintained as described (Brenner, 1974) and were
mutants live long because of low endogenous ROS pro- cultured at 20C unless otherwise stated. Wild-type animals were
duction and that daf-2 mutants live long because of the N2 Bristol strain. Standard genetic methods were used (Wood,
1988). The following strains and mutant alleles were used: daf-16(m26)I,high levels of enzymatic activities that protect from the
unc-29(e193) I, daf-2(e1370)III, isp-1(qm150)IV, unc-24(e138)IV, isp-damaging effects of ROS, as suggested by several stud-
1(qm150);ctb-1(qm189).ies (see Introduction). In addition, they suggest that the
maximal life span increase that can be obtained by re-
Isolation and Phenotypic Characterization
ducing oxidative stress is reached in both mutants. In- of Mutants qm150
deed, if the life span of isp-1 mutants is already not Wild-type animals were mutagenized with ethyl methane sulfonate
(EMS) following the standard protocol (Wood, 1988). Animals fromlimited by oxidative damage thanks to low ROS produc-
the F2 generation that grew very slowly and had a slow defecationtion, then extra protection from ROS conferred by daf-2
cycle were plated individually. Those animals that produced an en-could not improve much on life span (Figure 4).
tire brood of slow-developing mutant worms without physical abnor-
The above line of reasoning requires that the daf-2 malities were analyzed further. All phenotypic assays including the
mutation still exercises its effects in an isp-1 back- measures of development were carried out as in Wong et al. (1995),
and life span was measured as in Lakowski and Hekimi (1996). Theground. Three observations indicate that this is the case.
complete results of the genetic screen will be published elsewhere.(1) The double mutants are dauer constitutive at 25C.
qm189 arose as a rare spontaneous suppressor during cultivation(2) The increase in the expression of sod-3 in the double
of qm150 (see main text).
mutants appears even larger than in the single mutants
(Figure 3c). (3) We found that the life spans of isp-1 and Construction of mutants
the wild-type at 25C are not as long as at 20C, possibly daf-16(m26)I;isp-1(qm150)IV
because the respiratory chain is strained to meet higher daf-16(m26)I males were crossed to unc-29 (e193)I; isp-1(qm150)IV
double-mutant hermaphrodites. Non-Unc slow-developing F2metabolic demands, which could result in increased
worms were kept. The presence of daf-16(m26) was confirmed byROS production (Table 2). However, the daf-2;isp-1 dou-
sequencing of the m26 allele.
ble mutants live as long as daf-2 mutants and much daf-2(e1370)III;isp-1(qm150)IV
longer than isp-1 mutants at 25C (Table 2). This likely daf-2(e1370)III hermaphrodites were mated to isp-1(qm150)IV males
indicates that the daf-2 mutation is still fully capable to at 20C. Slow-growing F2 animals were picked (isp-1 mutant pheno-
type) and their F3 progeny were placed as eggs at 25C. Thoseexercise its protective and life-prolonging effect in an
animals that arrested as dauers were kept as putative daf-isp-1 background.
2(e1370);isp-1(qm150) double-mutant strains and were transferred
to 15C to recover and finish development. The putative daf-2;isp-1
double mutants were scored for slow development rates and a
Conclusions dauer constitutive phenotype at 25C to confirm the presence of
isp-1(qm150) and daf-2(e1370), respectively.We have presented strong genetic evidence showing
daf-16(m26)I;isp-1(qm150)IV;ctb-1(qm189)that a decrease in the function of the respiratory chain
First, an unc-29(e193)I;isp-1(qm150)IV;ctb-1(qm189) strain was con-can dramatically increase animal life span. Our results
structed by crossing unc-29(e193) males to isp-1(qm150);ctb-
also suggest strongly that this life span increase is due 1(qm189) hermaphrodites; then, daf-16(m26) males were crossed to
to a lower rate of endogenous ROS production. Indeed, unc-29(e193);isp-1(qm150);ctb-1(qm189) hermaphrodites and non-
isp-1 mutants are resistant to exogenously imposed oxi- Unc hermaphrodites that produced no Unc progeny were picked
to produce the daf-16(m26);isp-1(qm150);ctb-1(qm189) strain. Thedative stress and their adult life span cannot be length-
presence of daf-16(m26) was confirmed by sequencing of the m26ened through the action of a mutation in daf-2 that in-
allele.creases ROS resistance. At the same time, these
findings demonstrate that the increased oxidative stress Testing the Stability of qm189
resistance of daf-2 mutants is the source of their in- unc-24(e138) heterozygous males were crossed with isp-
creased life span, as a daf-2 mutation has little effect 1(qm150);ctb-1(qm189) hermaphrodites and an F2 homozygous
unc-24(e138) line was established. Such a line necessarily harborson the longevity of animals (isp-1 mutants) that already
ctb-1(qm189). unc-24(e138);ctb-1(qm189) hermaphrodites from thishave low oxidative stress. Finally, the characteristics of
line were crossed with isp-1(qm150) males and homozygous isp-these two mutants and the fact that their effects on adult
1(qm150);ctb-1(qm189) were isolated. When scoring defecation cy-
life span are not additive suggest that the maximum life cles and growth rate it appeared that the ctb-1 cytoplasm was still
span increase that can be obtained by protection from present and able to partially suppress the Isp-1 phenotype. The
cytochrome b gene was PCR amplified and sequenced from bothROS is less than 2-fold and is approximately that of
the unc-24(e138);ctb-1(qm189) and isp-1(qm150);ctb-1(qm189) mu-daf-2 or isp-1 mutants. A schematic view of these con-
tants (see details below). The same homoplasmic C to T transitionclusions is presented in Figure 5.
at position 509 was found in both unc-24(e138);ctb-1(qm189) and
It is formally possible that both isp-1 and daf-2 muta- isp-1(qm150);ctb-1(qm189) strains suggesting the persistence of
tions indeed protect from ROS by the mechanisms that the mutation in a non isp-1 genetic background.
we suggest (low respiration and high detoxification) but
O2 Consumption Experimentsthat the animals in fact live long for another reason. The
Worms from 10–15 large NGM plates were bleached to extract eggs.two types of mutants would also share some other, yet
Eggs were allowed to hatch overnight at 20C in M9 buffer. L1 larvaeunknown, property, which would be the true cause of
were transferred to large seeded NGM plates and fed3 hr at 20C.
their increased life span. This type of argument cannot The L1s were collected, washed free of bacteria by sucrose flotation,
be formally dismissed but is not currently supported by resuspended in M9, and incubated at 20C for 45 min. Oxygen
concentration was monitored with a Clark electrode in a closedany available data.
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chamber for 10 min. Worms were then collected, pelleted, and 18S rRNA to reach the level of the target gene thus allowing more
accurate comparison. PCR products were separated on 1.5% aga-kept at 80C for protein quantification.
rose gels and stained with SYBR Gold (Molecular Probes).
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